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The National Institute on Alcohol Abuse and Alcoholism (NIAAA) defines a binge episode as a 2 hour period in which an individual consumes enough alcohol to elicit blood ethanol concentrations (BECs) exceeding 0.08% (80 mg/dL) (NIAAA, 2004) . Previous estimates suggest binge ethanol drinking is the primary route of alcohol consumption for US individuals under the age of 21, though the majority (70%) of US binge episodes are attributable to individuals over the age of 26 (Naimi et al., 2003) . Unsurprisingly, researchers have linked regular binge drinking to numerous short-term consequences, such as accidental injury (Gmel et al., 2006) and long-term consequences including heart disease, high blood pressure, and type-2 diabetes (Fan et al., 2008) . Furthermore, individuals who binge drink early in life are at greater risk of developing alcohol dependence later in life (Miller et al., 2007 , Hingson et al., 2005 , Rubinsky et al., 2010 . Accordingly, identification of neurochemical pathways that modulate binge drinking is of utmost priority as such knowledge could prove beneficial in determining pharmaceutical treatments for bingebehavior prevention.
Animal Models of Binge Ethanol Induction
Many existing models of binge drinking in rodents involve forced exposure techniques, such as intragastric gavage and intraperitoneal administration, though these methods inherently fail to model voluntary consumption observed in humans. Recently, researchers have adopted a preclinical model of voluntary binge-like ethanol consumption termed "drinking-in-the-dark" (DID), a 4-day paradigm involving C57BL/6J mice that has been demonstrated to promote high levels of consumption and reliably generate BECs exceeding 80 mg/dL (Rhodes et al., 2005 , Rhodes et al., 2007 , Thiele and Navarro, 2014 .
Using this paradigm, researchers have shown that ethanol recruits a variety of neurochemical systems . Furthermore, several brain regions have been implicated in modulating binge-like ethanol intake. For example, in response to binge-like ethanol drinking CRF and NPY levels are increased or decreased, respectively, in the bed nucleus of the stria terminalis (BNST) (Pleil et al., 2015) , CRF levels are increased within the central amygdala (CeA) and ventral tegmental area (VTA) (Lowery-Gionta et al., 2012 , AlbrechetSouza et al., 2015 , NPY levels are reduced in the CeA (Sparrow et al., 2012) , and orexin levels are reduced in the lateral hypothalamus (LH) (Olney et al., 2015) .
C-Fos as a Measure of Forced-Binge Ethanol-Induced Activity
Numerous studies have measured neuronal activation following ethanol administration via quantification of inducible transcription factors (ITFs), such as c-Fos.
Assessment of ethanol-induced c-Fos expression has been studied using a variety of ethanolexposure paradigms, though ethanol exposure at binge-like levels has most frequently been modeled via intragastric and intraperitoneal administration techniques. For example, researchers have shown that intragastrically-administered binge-like episodes increase c-Fos immunoreactivity (IR) in various brain regions including the CeA (Leriche et al., 2008 , Lee et al., 2011 , the locus coeruleus (LC), the A1-A2 cell groups, and adrenergic C1-C3 cell groups (Lee et al., 2011) . Likewise, ethanol administered intraperitoneally (i.p.) increases cFos IR in the nucleus of the solitary tract (NTS) (Thiele et al., 2000) , Edinger-Westphal nucleus (EW) (Turek and Ryabinin, 2005) , and the paraventricular nucleus of the hypothalamus (PVN), CeA, dBNST, and EW (Knapp et al., 2001 ).
C-Fos Induction Following Voluntary Ethanol Intake
Assessment of c-Fos induction following voluntary ethanol consumption in limitedaccess consumption or operant paradigms (Bachtell et al., 1999 , Weitemier et al., 2001 , Sharpe et al., 2005 or chronic consumption in two-bottle choice paradigms (Li et al., 2010, Sajja and Rahman, 2013) indicate that voluntary consumption can region-specifically increase c-Fos expression. One notable previous study examined c-Fos IR following limitedaccess consumption in mice that generated BECs that exceeded binge-like levels (i.e., greater than 80 mg/dL). Mice drank ~2.9 g/kg of ethanol from a 10% ethanol/10% sucrose solution and achieved BECs of ~250 mg/dL over a 30 minute test that began 2.5 hours into the dark cycle (Ryabinin et al., 2003) . However, c-Fos IR resulting from binge-like ethanol drinking stemming specifically from DID procedures has not been examined. This is a critical gap in the literature given the popular use of DID procedures in pre-clinical studies 
Surgery and Recovery
Prior to surgery, mice were weighed and anesthetized using a ketamine (66.7 mg/kg; Henry Schein, Dublin, OH) and xylazine (6.67 mg/kg) cocktail administered by i.p. injection.
Mice received 0.1 mL 1% Lidocaine HCl (Hospira, Inc., Lake Forest, IL) subcutaneously above the skull. Mice received unilateral injections of green and red Retrobeads (0.2 -0.3 µL/site; Lumafluor, Durham, NC) aimed at ipsilateral BNST (AP +0.15, ML -1.00, DV -4.8; no angle) and VTA (AP -3.1, ML -0.50, DV -4.6; no angle) structures via Hamilton syringe.
Following surgery conclusion, animals received topical analgesic cream containing
Lidocaine and Prilocaine (25mg/g of each; Akorn Pharmaceuticals, Gurnee, IL). Subjects recovered for two weeks before undergoing testing. However, the size and spread of RetroBead injection sites proved highly variable across animals, complicating quantification and interpretation of pathway involvement. Accordingly, RetroBead labeling analyses were excluded.
Voluntary consumption: "Drinking-in-the-Dark" Procedure
A four-day drinking-in-the-dark (DID) paradigm was used. Briefly, animal weights were collected 30 minutes prior to homecage water bottle removal. Beginning three hours into the dark cycle, homecage water bottles were removed and replaced with 10 mL plastic pipettes (calibrated to 0.1 mL) containing either unsweetened ethanol (20%, v/v) or tap water (n = 15/group). Following the two hour free-access period, pipettes were removed and homecage water bottles were returned. Pipette volume was measured to the nearest 0.1 mL at homecage water bottle removal and replacement. Ethanol consumption was assessed as the difference in volume measured at the beginning of the session versus the end. On the fourth day tail blood samples were collected from each animal immediately after ethanol access and analyzed via an alcohol analyzer (Analox Instruments, Lunenburg, MA) to assess BECs.
Animals were then perfused with 4% paraformaldehyde.
Forced-binge Episode Induction
The remaining mice (n=20/50) were randomly divided into two groups of 10, with one group receiving a single i.p. injection of 0.9% saline (15 mL/kg) and the other receiving a 1.5 g/kg dose of ethanol (13% v/v; 15 mL/kg). For this experiment, animals were not habituated to injection procedures to avoid potential sensitization of stress responses associated with repeated handling and injection. Like the mice used in DID procedures, these mice were single-housed from arrival until sacrifice. On injection day, mice were removed from home cages, injected with either saline or ethanol at the time corresponding to DID onset for animals in the voluntary consumption group, and then placed back into home cages for two hours. Mice receiving i.p. injections were perfused two hours post-injection, mimicking the duration of ethanol exposure mice received in the DID cohort.
Immunohistochemistry
Mice were transcardially perfused with phosphate buffered saline (PBS) for 3 minutes followed immediately by 4% paraformaldehyde (PFA) for 7 minutes using a Masterflex L/S perfusion pump (catalogue #7200-12, Cole-Parmer, Vernon Hills, IL 
Planned comparisons of ethanol-induced c-Fos IR in brain regions examined
Because we were interested in making direct comparisons of c-Fos IR between ethanol and vehicle groups we performed plan comparisons at each brain region examined with DID procedures (Fig. 1A) and i.p. injection procedures (Fig. 1B) . T-tests showed that, Specifically, mice that voluntarily binged displayed elevated c-Fos IR in areas of the extended amygdala (dBNST, vBNST, CeA), a major relay center from midbrain to cortex in the PVT (Kelley et al., 2005) , EW, LC, and the A2 region of the NTS (Fig. 1A) .
Interestingly, these same brain regions showed ethanol-induced c-Fos IR in mice given forced i.p. ethanol injections, though there was additionally a significant elevation of c-Fos IR in the BLA of ethanol-injected mice (Fig. 1B) , which was not evident in mice engaging in binge-like ethanol consumption. Importantly, the absence of significant interaction effects between the route of administration and solution main effects suggests that increased c-Fos IR stemming from ethanol exposure did not significantly depend on the route of administration.
There are caveats that need to be addressed. First, though BECs at sacrifice did not differ between the different route of administration procedures, the onset of peak BEC likely differed between procedures. Further, the DID procedure was associated with 4-days of ethanol exposure while i.p. injection of ethanol occurred once. Though we cannot completely rule out the potential influence of these procedural differences on our c-Fos IR data, these concerns are somewhat tempered by the observation that ethanol-induced c-Fos IR did not differ significantly between routes of administration. An additional concern is that mice underwent cranial surgery for placement of Retrobeads into the BNST and VTA. While we cannot rule out the possibility that prior surgery may have influence subsequent effects of ethanol on c-Fos IR, many studies that use DID procedures involve prior surgery before consumption studies, and thus our study is particularly informative for studies the incorporate surgery.
In 4 of the brain regions examined (the BLA, EW, lPBn, and A2) overall c-Fos IR was greater following i.p. relative to DID procedures. The transient receptor potential channel vanilloid receptor 1 (TRPV1) is a cation channel responsible for detection and transduction of noxious chemical and thermal stimuli (Ellingson et al., 2009 , Caterina et al., 1997 , Szallasi and Blumberg, 2007 . TRPV1 is found in the peritoneum, where i.p. injections of capsaicin stimulate TRPV1 and subsequent abdominal nociception (Trevisan et al., 2013) .
It is possible that activation of the TRPV1 system by injection of ethanol and saline contributed to the increased c-Fos IR in the BLA, EW, lPBn and A2. Consistent with this idea, intraperitoneally-administered hypertonic saline has been found to increase c-Fos protein (Ceccatelli et al., 1989) and mRNA (Sharp et al., 1991) in several brain regions.
Additionally, potential induction of stress stemming from pain and/or the involuntary nature of i.p. injection could have also played a role. However, that fact that we observed overall greater levels of c-Fos IR in the LH and LC with DID, relative to i.p., procedures, and nodifferences in c-Fos IR on other regions examined, suggest that potential contributions of pain and/or stress to i.p. injection-induced c-Fos IR are brain-region specific.
Previous studies have shown that voluntary ethanol consumption in limited access sessions, wherein water-restricted C57BL6/J mice were allotted 30 min to consume either 10% ethanol (2.5 hr into dark cycle; Sharpe et al., 2005) or 10% ethanol/10% sucrose (Bachtell et al., 1999) solutions, increased c-Fos IR in the nucleus accumbens core (AcbC), the medial posterioventral portion of the central nucleus of the amygdala (CeMPV; Bachtell et al., 1999) , and the EW (Bachtell et al., 1999 , Sharpe et al., 2005 , Weitemier et al., 2001 .
Similarly, we found that a single binge-like drinking cycle with DID procedures increased cFos IR in the CeA and EW, though our results indicate a DID-elicited binge-like episode can increase c-Fos IR in regions, such as the BNST and PVT, which were not detected with 30 min limited access procedures (Sharpe et al., 2005) . In combination with chronic voluntary ethanol consumption using 24-h, two-bottle choice procedures, where ethanol consumption increased FosB presence in the AcbC, dorsolateral striatum, orbitofrontal cortex (Li et al., 2010) , and ventral striatum (Sajja and Rahman, 2013) , our results expand our understanding of how voluntary ethanol consumption, and more specifically, voluntary binge-like ethanol consumption, recruits that activity of various brain regions.
Interestingly, in a study with C57BL/6J mice that used a 10% ethanol/10% sucrose solution which promoted binge-like drinking (~2.9 g/kg of ethanol) and associated BECs (~250 mg/dL) over a 30 minute test, there was no evidence of increased c-Fos IR in areas of the amygdala and reduced c-Fos IR in the LH relative to water dining mice, both observations that are inconsistent with our findings. Similar to our results though, they did find increased c-Fos IR in the EW (Ryabinin et al., 2003) . Numerous procedure differences between the studies described above reinforcing the idea that ethanol-induced c-Fos IR is procedure specific and highlight the novelty of the present work which reveals neuronal activity specific to DID procedures.
In assessing TH and c-Fos co-expression in noradrenergic stimuli (A2 and LC), we found that voluntary water consumption produced near-zero co-expression in both structures.
Conversely, the percentage of co-expression was elevated among animals that binge drank ethanol (A2: 35-40%; LC: 40-50%). I.p. ethanol injections yielded a slightly greater coexpression pattern (A2: 60-70%; LC: 60-70%) than saline-injected animals. These expression patterns are in line with previously reported findings in male rats, where i.p. ethanol injections elicited ~35-60% and ~65-75% co-expression in the LC and A2, respectively (Thiele et al., 2000) . The LC innervates numerous brain regions including the orbitofrontal cortex, medial prefrontal cortex, anterior cingulate, lateral hypothalamus, amygdala, and ventral tegmental area, among others (Chandler et al., 2014 , Foote et al., 1983 , while the A2
innervates the BNST, accumbens shell, lateral hypothalamus, and ventral tegmental area, among others (Delfs et al., 2000 , Mejias-Aponte et al., 2009 , Smith and Aston-Jones, 2008 . An examination of our c-Fos IR data indicates that in many brain regions c-Fos IR was relatively high under baseline water drinking and saline injection conditions. An inherent aspect to the DID procedure is that behavioral assessment is performed during the dark cycle, when mice are more active and consume the majority of their daily food and water. In rats, others have demonstrated that c-Fos mRNA expression oscillates depending on time of day, with increased c-Fos activity occurring at night and weak activity during rest hours (GrassiZucconi et al., 1993) . Moreover, light/dark exposure can site-specifically influence c-Fos IR in the rat brain, with the "lights-on" phase increasing c-Fos presence in the suprachiasmatic nuclei (Aronin et al., 1990) and the "lights-off" phase increasing c-Fos IR in various regions including the PVT, magnocellular paraventricular nuclei (mPVN), and dorsomedial nuclei (Choi et al., 1998) . Interestingly, in reviewing the forced binge-induced c-Fos literature, this work was almost exclusively conducted in the lights-on portion of rodent light cycles. Thus, higher-than-anticipated basal c-Fos IR in the control conditions of our studies may potentially be a product of collecting measures during the dark cycle.
Finally, we must note that our procedures were performed in males exclusively.
Researchers have shown that adult female C57BL/6J mice voluntarily consume significantly more ethanol (g/kg) than male counterparts in intermittent 24-h access paradigms (Hwa et al., 2011) , under conditions of food or water deprivation (Middaugh and Kelley, 1999) , and in two-bottle choice paradigms with 2-h limited access sessions (Vetter-O'Hagen et al., 2009) or continuous access (Yoneyama et al., 2008) . Thus, future studies should investigate potential sex differences in voluntary binge-induced neuronal activation. 
